Abstract Heat transport between the surface and deep ocean strongly influences transient climate change. Mechanisms setting this transport are investigated using coupled climate models and by projecting ocean circulation into the temperature-depth diagram. In this diagram, a "cold cell" cools the deep ocean through the downwelling of Antarctic waters and upwelling of warmer waters and is balanced by warming due to a "warm cell," coincident with the interhemispheric overturning and previously linked to wind and haline forcing. With anthropogenic warming, the cold cell collapses while the warm cell continues to warm the deep ocean. Simulations with increasingly strong warm cells, set by their mean Southern Hemisphere winds, exhibit increasing deep-ocean warming in response to the same anthropogenic forcing. It is argued that the partition between components of the circulation which cool and warm the deep ocean in the preindustrial climate is a key determinant of ocean vertical heat transport with global warming.
Introduction
As the climate has warmed over the past decades, the ocean has absorbed more than 5 times as much heat as all other components of the Earth system combined [Solomon et al., 2007] with significant consequences for global sea level rise [Domingues et al., 2008] . Regardless of future greenhouse gas emissions, past warming of the ocean will influence global atmospheric temperatures into the foreseeable future [Held et al., 2010] .
A recent study by Kuhlbrodt and Gregory [2012] concluded that for a given surface warming, climate models exhibited a large spread in ocean heat uptake. Using data from the fifth Climate Model Intercomparison Project (CMIP5), they found some indication that the eddy-induced transport parameter influenced the differences in uptake efficiency among models. The eddy-induced transport parameter is thought to set the strength of the Southern Ocean overturning circulation given Southern Hemisphere winds and stratification [Marshall and Radko, 2003 ]. In addition, Kostov et al. [2014] , also using CMIP5, found that the depth of penetration of Atlantic Meridional Overturning Circulation was a good indicator of ocean heat uptake efficiency. Both Kuhlbrodt and Gregory [2012] and Kostov et al. [2014] suggest that differences in deep-ocean circulation set differences in heat uptake efficiency between ocean models. However, it is unclear how to quantify this effect and how different components of the circulation set these differences.
Classical models draw a link between the mean circulation and vertical heat transport. Munk [1966] and Stommel and Arons [1960] related the downward heat transport by small-scale vertical mixing to an upward heat transport by a thermally direct overturning circulation. Such a circulation is known as thermally direct, because, like a heat engine, kinetic energy can be drawn from the upwelling of buoyant warm water and downwelling of dense cold water. Although the Antarctic bottom water circulation is still thought to be driven in such a way, Toggweiler and Samuels [1995] proposed that a pole to pole overturning circulation in the upper 2000 m could be set by Southern Hemisphere winds and hence would be thermally indirect. Numerous studies have since explored the link between the pole to pole and Antarctic bottom water circulations, vertical mixing, Southern Hemisphere winds, and the compensating effect of mesoscale eddies [Gnanadesikan, 1999; Zhang and Vallis, 2013; Wolfe et al., 2008; Shakespeare and Hogg, 2012] . However, the link between this circulation and the vertical heat budget is seldom discussed- Marshall and Zanna [2014] and Kostov et al. [2014] being exceptions. Gnanadesikan et al. [2005] and Gregory [2000] indeed find that resolved advection leads to downward flux of heat into the deep ocean in the upper 2000 m of coarse-resolution climate models. Zika et al. [2013a] proposed that the circulation could have two counteracting components: (i) a pole to pole overturning circulation fluxing heat downward and (ii) an Antarctic bottom water circulation fluxing heat upward.
Here we argue that the way transient heat uptake responds to a warming climate is informed by how different components of the circulation contribute to the mean vertical heat balance.
Results

Ocean Warming in a Climate Model
We analyze the output of the ocean component of the Community Climate System Model, version 4 (CCSM4) [Gent et al., 2011] over two periods: an equilibrated preindustrial period (845-875 years after initialization from rest) and a transient climate simulation , using a combination of estimated historical emissions and Representative Concentration Pathway 4.5 (RCP4.5). See Appendix A for a complete description of the simulations used. Between the preindustrial state and 2100 the ocean warms by approximately 3 ∘ C at the surface and by 1 ∘ C at 1000 m depth. Warming is more pronounced in the North Atlantic (Figure 1b ) as was found in previous studies [Lee et al., 2011] . However, the Atlantic's contribution to the total warming is small due to its small volume relative to the Southern Ocean and the combined Pacific and Indian Oceans (Figure 1c ).
In addition to a contrast in warming between the Atlantic and Indo-Pacific basins, there is a weak warming (less than 1 ∘ C) of the deep Southern Ocean that extends well below 2000 m. The preindustrial state has a small cooling drift associated with an upward heat transport which is less than 0.05 W m −2 (all heat fluxes are calculated in Watts and converted to W m −2 by dividing by the area of the earth) at all depths, in the global average. The cooling seen in the deep North Atlantic is a continuation of this drift.
The Thermal Circulation
Here we quantify the accumulated vertical transport of water masses (Ψ T ) in potential temperature (T) coordinates as
Here Π is a step function (Π(T * − T) = 0 for T * − T < 0 and 1 otherwise) and w res is the residual vertical velocity. The residual velocity is the sum of the Eulerian and eddy-induced components of vertical advection (i.e., including advection due to the parameterizations for mesoscale eddies of Gent and McWilliams [1990] and . Negative (blue) components circulate in an anticlockwise direction. Positive (red) components circulate in a clockwise direction. The cold cell, discussed in the text, is the blue anticlockwise cell that occupies water colder than 1 ∘ C. The warm cell is the red clockwise cell (we define the vertical heat transport due to the warm cell as including the anticlockwise cell at temperatures warmer than 4 ∘ C and shallower than 800 m). (c and d) Vertical heat flux due to the warm cell (red), the cold cell (blue), background vertical mixing (green), isopycnal mixing (magenta), the sum of all other contributions including parameterized convection (cyan), and the total (black). Shown are averages for years 845 to 875 of the preindustrial simulation (Figures 2a and 2c) , the average for years 2080 to 2100 of the RCP4.5 scenario simulation ( Figure 2b ) and the difference between years 2080 and 2100 of the RCP4.5 scenario simulation and the preindustrial period ( Figure 2d ).
submesoscale processes of Fox-Kemper et al. [2008] ). Here we use potential temperature as our heat variable as it is perfectly conserved in the numerical models considered. In an observational context, conservative temperature would be a more appropriate variable since it is more accurately conserved [McDougall, 2003] .
The quantity Ψ T has a number of useful properties:
1. As Ψ T describes the upwelling and downwelling of waters at different temperatures, the vertical heat transport due to the resolved circulation can be diagnosed from it. In addition, the advective vertical heat transport can be attributed to distinct components of the circulation defined by closed contours of Ψ T [Ferrari and Ferreira, 2011; Zika et al., 2013b] . 2. Where haline effects are small, Ψ T can be interpreted in terms of the energetics of the resolved circulation.
The quantity Ψ T can be used to diagnose how much each component of the circulation lowers or raises the center of mass of the ocean and hence how much energy is transferred from potential to kinetic reservoirs [Nycander et al., 2007] .
It must be stressed that for the ocean circulation in a transient state (such as a global warming scenario) vertical exchanges of water masses can occur without corresponding deep-ocean water mass transformations. In such
We choose to use the depth-temperature overturning (Ψ T ) as our diagnostic here rather than the conventional meridional overturning circulation in depth-latitude or density-latitude coordinates because there is no direct link between the circulation defined in a meridional coordinate and the vertical heat transport. Covariations in the temperature and vertical velocity at constant latitude can be significant particularly the Southern Ocean [Zika et al., 2013a] .
We have computed Ψ T from the sum of the Eulerian, parameterized mesoscale eddy, and submesoscale eddy-induced velocities for 30 years of monthly CCSM4 data (Figure 2a ).
The accumulated transport in temperature coordinates for the preindustrial climate of CCSM4 (Figure 2a ) displays the same thermally direct and thermally indirect cells described by Zika et al. [2013a] . The coldest cell involves downwelling of cold water and upwelling of warmer water. We will refer to this cell as the "cold cell" (anticlockwise blue cell on the left of Figure 2a ). The warmer waters are associated with upwelling of cool water and downwelling of relatively warm water. This will be referred to as the "warm cell" (clockwise red cell in Figure 2a) . Zika et al. [2013a] linked the cold cell geographically and by its water mass properties to Antarctic bottom water. The warm cell was linked geographically to the Southern Ocean and Atlantic Meridional Overturning Circulation. Southern Hemisphere winds have been found to be the source of energy maintaining the warm cell [Saenko, 2009; Zika et al., 2013a] . The anticlockwise cell in the upper ocean and at temperatures warmer than 4 ∘ C was linked by Zika et al. [2013a] to the subtropical gyres and tropical circulation. Although the distinct contribution of those cells to the vertical heat transport may be of interest, the focus of this study is largely on the ocean below 800 m depth.
The vertical heat transport due to the cold and warm cells is quantified, after integrating by parts, as
where C p is the heat capacity of seawater, 0 is the average density, T u ≈ 1 ∘ C is the temperature separating the cold and warm cells such that Ψ T (T u ) = 0, and T max and T min are the maximum and minimum ocean temperatures, respectively. In the above definition, heat transport by the warm cell includes the shallow cells warmer than 4 ∘ C and found above 800 m depth.
In the preindustrial state the warm cell gives a globally averaged downward heat flux of 0.22 W m −2 at 1000 m depth, whereas the cold cell fluxes 0.14 W m −2 of heat upward at the same depth ( Figure 2c ).
It is important to note that Ψ T does not describe the vertical heat flux due to nonadvective subgrid-scale processes including small-scale turbulent mixing, isopycnal mixing, and parameterized convection. We diagnose the contributions to the vertical heat flux including the effect of background vertical mixing, isopycnal mixing, and the sum of the remaining processes including subgrid convection, the effect of the sampling frequency used, and variations in the state-dependent isopycnal mixing coefficient (Figure 2c ; green, cyan, and magenta lines, respectively). How these components are diagnosed is detailed in Appendix B.
Background vertical mixing warms the deep ocean at a mean rate of 0.27 W m −2 at 1000 m in the preindustrial state, isopycnal mixing cools at a rate of 0.2 W m −2 , and the sum of convective and other remaining processes cools at 0.19 W m −2 (Figure 2b ). These results are broadly consistent with previous analysis of other models [Gregory, 2000; Morrison et al., 2013] .
Response of the Depth-Temperature Overturning to Anthropogenic Warming
As the surface of the ocean warms under forcing from anthropogenic emissions, the thermal circulation responds in three distinct ways:
1. The warm cell maintains the same peak in transport at each depth level, but the difference in temperature between the upwelling and downwelling branches becomes larger (Figure 3b ). This results in the cell fluxing more heat downward (Figure 3d ). 2. The cold cell becomes both weaker and covers a smaller range of temperatures ( Figure 3b) . As a result, the cold cell is fluxing less heat upward (Figure 3b ). Contributions to the downward heat transport at 1000 m with the heat transport due to all processes (black), the warm cell (red), and the cold cell (blue). These are grouped as "advective" terms since they are due to the sum of the Eulerian and eddy-induced velocities in the model. (e and f ) Vertical heat flux due to changes in the vertical temperature gradient (green), changes in the isopycnal temperature gradient (magenta), the sum of all other contributions including parameterized convection and the effect of changing isopycnal mixing coefficients (cyan), and the total (black). These are grouped as "nonadvective" terms since they are parameterized as diffusion rather than advection in the model. Shown are time series for the preindustrial climate simulation (Figures 3a, 3c , and 3e) and the historical and RCP4.5 scenario simulation (Figures 3b, 3d, and 3f ).
3. Deep cooling due to subgrid-scale processes, largely isopycnal mixing, reduces, leading to warming of the deep ocean.
With anthropogenic warming the warm cell transports more heat downward. Concomitantly, the subgrid-scale fluxes and the cold cell heat transport are reduced, switching off almost completely at 1000 m depth by 2100 (Figures 2b and 3b) . Because of the reduction in upward heat flux by the cold cell and nonadvective processes (which were previously cooling the deep ocean; Figures 3c-3f ) , by 2060 the total heat transport at 1000 m approaches that of the warm cell ( Figure 3d ). As the vertical heat flux at 1000 m increases, there is some shoaling of the warm cell suggesting the downwelling branch does not penetrate as deeply (Figure 2c ).
The relationship between the total vertical heat transport and the width of the warm cell is considered by multiplying the maximum of the preindustrial time mean Ψ T at 1000 m (Ψ) by the transport weighted difference in temperature between the upwelling and downwelling branches of the warm cell (ΔT), which evolves in time. The heat transport predicted by C p 0 ΨΔT is plotted versus both the warm cell's true heat transport by the 2080-2100 period (Figures 2d, 3e , and 3f ). Instead, reduced deep cooling due to subgrid processes is accounted for by the change in the vertical temperature gradient between the warm and cold reservoirs on which vertical mixing and isopycnal mixing act. The combined change in heat flux represents a deep warming of 0.14 W m −2 (Figures 2d, 3e , and 3f ).
Deep Warming by the Warm Cell in a Range of Climate Simulations
We (also see Appendix A for more details). The preindustrial states in the three models have different warm cells due to differing mean Southern Hemisphere wind forcing [Zika et al., 2013a] . From the preindustrial states of these three models we instantaneously quadruple CO 2 concentrations to 4 times preindustrial levels.
In each simulation, the cold cell weakens in response to greenhouse forcing. In REF the maximum transport of the cold cell at 1000 m depth reduces from 12.5 Sverdrup (Sv) in the preindustrial mean state to 4.5 Sv one century after CO 2 concentrations were quadrupled. Equivalent reductions were found for TAU0.5 and TAU1.5. Vertical heat transport due to the cold cell reduces proportionately to its maximum transport in each simulation. Meanwhile, the warm cell continues to warm the deep ocean at the same or at a faster rate. As in CCSM4, in each of the UVIC simulations the downward heat flux due to nonadvective subgrid processes increases with greenhouse warming although we did not investigate the role of each individual process.
In Figure 5 , the total vertical heat transport at 1000 m for years 40, 80, and 120 of these experiments is compared to the warm cell heat transport in their respective preindustrial states (results from CCSM4 for years 2020, 2060, and 2100 of the RCP4.5 global warming scenario are also shown). Models with stronger warm cell heat transport in their preindustrial states have larger transient vertical heat transport in the initial century of our experiments. Our results are consistent with the hypothesis that deep cooling processes are reduced and deep advective warming process persists under global warming, although a larger and more diverse range of models is needed to infer a robust physical relationship.
Discussion and Conclusions
We have shown that the vertical heat transport in a state of the art climate model is related to a warm cell which fluxes heat downward and the combination of a cold cell and subgrid processes which flux heat upward. Under the RCP4.5 anthropogenic forcing scenario this system responds with a shutdown of the cold cell's cooling effect and an increase in the warm cell's warming effect.
Vertical heat transport sets ocean heat uptake efficiency and hence strongly influences transient climate change [Gregory, 2000] . Our results highlight the importance of ocean circulation, rather than ocean mixing, in setting this transfer, reaffirming the findings of Marshall and Zanna [2014] . Furthermore, we show that different parts of the circulation contribute differently to ocean heat uptake. Our finding that the interhemispheric overturning can passively downwell warm water leading to increased vertical heat transport is consistent with recent studies which found that both the Atlantic Meridional Overturning (the downwelling branch of the interhemispheric overturning) [Kostov et al., 2014] and the coefficient for eddy-induced advection (a key regulator of the interhemispheric overturning) [Kuhlbrodt and Gregory, 2012] were linked to heat uptake efficiency. In addition, our finding that deep cooling is likely to reduce due to a slowdown in the Antarctic bottom water circulation is consistent with observed warming of regions of the ocean below 2000 m depth around Antarctica [Purkey and Johnson, 2010; Wunsch and Heimbach, 2014] .
Our results suggest that in order to accurately predict transient ocean heat uptake, a climate model must accurately represent both the thermally direct and thermally indirect components of ocean circulation, their driving processes, and the parameterized processes which influence them. Furthermore, the link between the mean circulation and the resulting magnitude of global heat uptake suggests that an accurate representation of the mean state is paramount. This motivates future work developing ways of diagnosing the mean circulation from observations.
The simple description of the response of vertical advective heat transport to surface warming given in the previous sections comes with a number of important caveats. These include the following:
1. Deep cooling due to the cold cell may be strongly influenced by freshening and brine rejection by cryospheric processes which are not accounted for in our simple description of the ocean's response to warming. 2. Winds in the Southern Hemisphere could increase significantly, and eddy compensation could be muted in the real system, implying the transport could increase, increasing the heat transport due to the warm cell. 3. Mesoscale eddies are not explicitly resolved in the simulations discussed here. 4. Haline and regional processes could cause changes in the thermal circulation with warming, particularly in the North Atlantic. The AMOC is expected to weaken with surface warming and glacial melt, with an uncertain effect on Ψ T .
Future work should investigate, for a range of models and climate states, the potential impact of these and other complications on this simple description of vertical heat exchange.
the control simulation, a second simulation was initialized, forced by time-dependent estimates of historical greenhouse gases, ozone, aerosols, volcanic emissions, and solar variability from 1850 to 2005. This second simulation was continued until 2100 using radiative forcing from the 4.5 W m −2 Representative Concentration Pathway (RCP4.5) [Taylor et al., 2012] .
CCSM4 has been widely validated in terms of its mean state and variability (see, for example, Gent et al. [2011] and the corresponding Journal of Climate Special Collection).
In CCSM4, an overflow parameterization involves advection where a topographic mask would typically exist. Upstream of sills, such as the Greenland-Scotland overflow region, advection is directed into the topography, and downstream of the sills, advection is directed out of the topography. In order to conserve the total volume of water, we include the advection due to the overflow parameterization in w res and assume it occurs at the midpoint temperature and passes through all depth surfaces between the grid boxes upstream and downstream of the sill.
Anthropogenic warming experiments are conducted with the University of Victoria Intermediate Complexity Climate Model (UVIC) [Weaver et al., 2001] . Configuration REF has winds set to present-day fields, while TAU0.5 (TAU1.5) has winds south of 30 ∘ S set to 50% less (more) than the present-day observations (configuration names are identical to those in Zika et al. [2013a] ). After a 3000 year spin-up, the radiative forcing is perturbed, equivalent to an instant quadrupling of preindustrial CO 2 concentrations. UVIC uses a constant eddy mixing coefficient for tracers of 1200 m 2 s −1 .
Appendix B: Contributions to the Nonadvective Vertical Heat Flux
The vertical mixing contribution is estimated using the seasonal climatology of the vertical mixing coefficient (the sum of a background mean and that from a tidal mixing scheme) multiplied by the vertical temperature gradient. Likewise, the isopycnal contribution is the climatological mean isopycnal mixing coefficient (based on a three-dimensional state-dependent mixing scheme) multiplied by the vertical component of the temperature gradient projected onto a locally referenced neutral tangent plane [Griffies, 2007] . Since the small slope approximation is violated near the surface, we restrict these diagnostics to the ocean below 200 m. Tests carried out with interannually varying mixing coefficients for the preindustrial period differ from those using climatological coefficients by less than 10% below 200 m. The sensitivity above 200 m is significantly higher. Tests were also carried out interpolating horizontal gradients first onto the center of grid cells before projecting onto neutral tangent planes and after. The difference in vertical heat flux was again less than 10%. The remainder of the nonadvective heat flux is attributed to the sum of the convective parameterization and variations in vertical and isopycnal mixing coefficients with climate change.
